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The intestinal physiology and eukaryotic-prokaryotic interactions
Symbiotic host-microbe communications has evolved in virtually every metazoan, with the human gut microbial population an example of increasingly documented medical significance [1] . In utero, the mammalian gut is sterile. The microbial colonization progression begins during birth, culminating in a diverse and stable community, though typically, microbial composition between individuals varies [2] . Recent advancements in high-throughput sequencing and bioinformatic methodologies have profoundly enhanced our knowledge of the diversity of the microbial population within the gut, revealing that the bulk of the microbial population are represented by Bacteroidetes and Firmicutes [3] [4] [5] [6] . Particular taxa of the gut microbial population may be free-living in the luminal fecal stream thereby occupying a planktonic niche, or may be adherent to the gut mucous layer or to epithelial cells of the mucosa.
Microbes in the intestine thrive in the nutrient rich environment, with certain taxa contributing favorable influences to the host that include, but not limited to the production of short chain fatty acids and enhanced energy extraction from foodstuffs, competitive exclusion of pathogenic microorganisms, and priming of innate and adaptive immune system responses, and influences on bone homeostasis [6, 7] . In addition, investigations utilizing germ-free mice have established a function for the gut microbiome and metabolic regulation [8] . The gut microbiome has also been shown to positively influence homeostasis of the intestinal mucosa by enhancing barrier function, as well as epithelial cell proliferation and survival [9] [10] [11] [12] [13] [14] [15] . For instance, villi of the small intestine of the germ-free mice have impaired angiogenesis [16] and have slower turnover rates of epithelial cells [17] . Mono-association of germ-free mice with a gut symbiont (Bacteriodes thetaiotaomicron) evoked a vigorous host transcriptional response, showing that the host can actively sense, perceive, and respond to the presence of commensal of symbiotic within the lumen [18] . These data demonstrate the existence of an active dynamic association between host cell and microbes inhabiting the gut. Nevertheless, it is also illustrates that anomalies in the quality and diversity of the gut microbiome ("dysbiosis") may be sufficient by itself to aggravate intestinal inflammation as seen in Inflammatory bowel diseases (IBD). In addition, changes in the diversity of the gut microbiome have been linked with infectious disease such as pseudomembranous colitis, in systemic immune disorders such as multiple sclerosis, in allergic diseases such as celiac disease and asthma, and in the onset of diabetes and obesity in metabolic syndromes in adults [19] [20] [21] .
Over the past few years, investigations have focused on exploiting the positive influences of certain taxa of the gut microbiome by supplementing the indigenous microbiome with purified cultures of symbiotic bacteria. This tactic, called 'probiotics', has been successful in suppressing inflammation, strengthening barrier function, facilitating tissue repair in response to injury in the intestine, thus offering a therapeutic approach to ameliorate disorders of the intestinal tract [22] . Altogether, mounting evidence have empirically demonstrated that the gut microbiome favorably influences intestinal physiology. However, there is a gap in our knowledge pertaining to an understanding of how the intestinal cells sense symbiotic bacteria, and mechanistically modulate gut physiology. This manuscript will review recent discoveries that have identified a redox based response within cells, that is emerging as a critically conserved element of host cell and symbiotic microbe interactions.
Epithelial perception and monitoring of the microbiota
The intestinal mucosa encompasses the outward facing epithelial cells, the structural components of the underlying lamina propria, and the immune cells residing in subepithelial compartments, which together form a functional barrier preventing the luminal contents from entering systemic compartments. The gut luminal contents are physically separated from the host interior by a thin layer of mucus that overlays a monolayer of columnar epithelial cells. Within epithelial cells are apical surface factors that function in the uptake of nutrients while at the same time, existing in intimate contact with the luminal contents. This active process exists against a background of the intestinal epithelium continually renewing itself in a progression involving asymmetrical proliferation of stem cells, ensuing differentiation, migration and eventual programed apoptosis and shedding at the villous apex -a homeostatic cycle that occurs over 5-7 days in humans.
The intestine may become damaged following exposure to a pathogenic and/or immunologic insults. While overcoming and resolving damage to tissues, the gut mucosa must also maintain the beneficial relationship with the symbiotic taxa of the gut microbiota [23] . To succeed in this management, cells of the intestinal mucosa have dedicated sentinel elements for monitoring bacteria. Examples of such sentinel elements are Toll-like receptors (TLRs) and related Nod-like receptors (NLRs), collectively termed "pattern recognition receptors" (PRRs), that bind to motifs known as "microbe associated molecular patterns" (MAMPs) that are ubiquitously present across the bacterial phylogenetic domain [24] . Sensing of MAMPs by TLRs activate innate immune signaling cascades such as the MAPK and NF-kB pathways [25] [26] [27] [28] , which are by and large considered pro-inflammatory, although at lower 'tonic' levels of activation, have been connected to mechanisms of normal gut homeostasis [29, 30] .
A distinct group of PRRs are the formylated peptide receptors (FPR), which are G-proteinlinked seven membrane pass receptors originally discovered on the surface of professional phagocytes. There are three structurally-related FPRs in humans, known as FPR1, FPR2 and FPR3 [31] . Functionally, FPRs sense and bind to peptides that harbor a bacterial specific Nformyl group of which an example is N-formyl methionyl-leucyl-phenylalanine (fMLF). FPR1 binds to fMLF with particularly high-affinity with an ED 50 in the nanomolar range, whereas FPR2 binds with lower affinity in the micromolar range. Furthermore, agonists generated by eukaryotic cells such as AnxA1, LXA4 and SAA, or mitochondrially derived translation products can also stimulate FPRs [32] . The importance of these receptors is highlighted by the observation that FPR1-deficient mice have augmented susceptibility to pathogens, suggesting that FPR1 is functions in supporting processes of acute inflammation [33] . In addition, mitochondrial derived formyl peptides are recognized as being the source of the agonists in non-infectious tissue injury ("sterile inflammation"). Here, mitochondria, which are prokaryotic endosymbionts, and as such, retain the prokaryotic translation machinery, including the bacterial-specific use of N-formyl-methionine capping of nascent transcripts. This means that formylated peptides are present inside cells within mitochondria. In a pathological context such as tissue necrosis (not apoptosis), cellular contents are released extracellularly and can be perceived by other cells and phagocytes as "danger associated molecular patterns" or DAMPS [34] . Once the agonist binds, FPRs are phosphorylated and glycosylated, which initiates interaction with pertussis toxin-sensitive Gi proteins [35] [36] [37] [38] . Ensuring cell signaling cascades involves MAPK and phosphatidylinositol 3-kinase (PI3K) pathway activation, which together with small GTPases initiate phagocytic functions such as stimulation of actin dynamics and chemotaxis, and the activation of ROS generation by NADPH oxidase enzyme (Nox2) in a process known as the respiratory burst [39] [40] [41] . Indeed, it was the known function of agonist binding to FPRs eventuating in ROS generation in phagocytes that proved to be the rationale and the springboard for assessing the function of generated ROS in epithelial cells following in host-symbiotic bacterial interactions. This notion was substantiated with the discovery of functional FPRs located on the apical surface of the intestinal epithelial cells, suggesting that FPRs function in an similar physiological process in the intestinal mucosa [42] . Indeed, in epithelial cells, it was shown that MAPK pathway signaling is activated by fMLF by an FPR-dependent mechanism, and that fMLF binding to FPR also induced the generation of ROS in the epithelial cells [43] .
The generation of physiological levels of reactive oxygen species (ROS)
Reactive oxygen species (ROS) generated at high levels by professional phagocytes mediate the capacity of these cells to kill bacteria. Agonist binding to FPRs in phagocytes initiate the respiratory burst, which involves extensive enzymatic production of superoxide within the vacuole harboring phagocytosed microbe. ROS generation in phagocytes is catalyzed by a multi component and membrane-bound NADPH oxidase enzyme called Nox2 (formerly designated gp120phox). Nox2 is basally a dimer of gp91phox and gp22phox [44] , and considering the potential harmfulness of elevated superoxide levels to surrounding tissue, explicably, ROS generation is firmly controlled by the consecutive recruitment of separate subunits of the Nox2 enzyme. The function of Nox2 in vivo is demonstrated by the discovery that Nox2 null mice develop chronic granulomatous disease (CGD), which is a disorder in patients where phagocytes are unable to produce ROS and are thus highly susceptible to repeated pyogenic infections.
Nox2/gp120phox was first protein of the NADPH oxidase group or "Nox'es" to be discovered. Importantly, Nox enzymes are also functional in non-phagocytic cell types and tissues, with the discovery that Nox1 and Duox2 are strongly expressed in enterocytes, which are in close proximity to the gut luminal bacterial content being relevant to this review [45] [46] [47] [48] . Generally, the Nox enzymes functional within non-phagocytic cells have analogous, but not identical subunit regulation and assembly to Nox2 in phagocytes. For example, Nox1 requires Rac-GTPase-initiated cascades for its enzymatic activity, whereas Duox2 activity is calcium dependent. Nox1 catalyzed generation of ROS within epithelial cells is hypothesized to function in regulating several signal transduction pathways, which was detected following the stimulation of Nox1 function by growth factors, hormones, and cytokines in a wide range of cells and tissues [45, 47] . Indeed, Nox enzymes orthologs catalyze ROS production in a breadth of multi cellular organisms [49] [50] [51] [52] . In plants, ROS generated Nox enzymes regulates the transition from proliferation to differentiation in root tips [53] . In flies, Duox-generated ROS in gut epithelia functions in the control of the diversity of the intestinal microbiome [54] [55] [56] , which implies a role for ROS generation in epithelial cells in host cell and microbe interactions. However, by and large, the functions of Duox in the epithelia are less studied, but have been implicated more in anti-microbial functions that in signaling events. Pertaining to the catalytic activity of Nox1 and Duox2, both enzymes are involved in trans-membrane generation of superoxide generation which is generally thought to be rapidly dismutated to H 2 O 2 . Thereafter, H 2 O 2 may be transported back across the plasma membrane, likely via aquaporins, for cytoplasmic signaling functions [57] [58] [59] .
Redox signaling and the oxidation of reactive cysteine residues
Non-radical ROS, such as H 2 O 2 , that are generated by Nox enzymes in non-phagocytic tissues, are well documented as functioning in a variety of signaling pathways within a variety of cell types [60] . The diverse biological outcomes induced by ROS depends on the specific species generated, the as well as the duration, and the subcellular locations of generation [47, 52] . Because they are extremely short-lived, ROS have slight functional radii, which also means they can precisely discriminate their influence. Indeed, some receptors physically interact with Nox enzymes, apparently to bound the influences of the generated ROS to the vicinity of target proteins [61] .
The mechanism through which ROS modulate cell signaling is through their capacity to oxidize certain reactive cysteine residues within enzymes controlling the activation of cell signaling pathways [62] [63] [64] . Proteins that harbor reactive cysteine residues can therefore function redox sensors and transducers of signaling initiated by elevated ROS. Moreover, reversible oxidation of cysteine residues allows for graded response to intracellular ROS concentrations, meaning that the cell can sense and respond to fluctuating levels of ROS. At the molecular level, the vast majority of cysteine residues are protonated at physiological pH (Cys-SH) (pK a ~8.5) and are unreactive at physiological pH. It is only a few cysteine residues that have ROS-sensitive properties, which due to them being charged at a low pK a , and thus extant as thiolate anions (Cys-S -) at physiological pH. Low pK a cysteine residues are highly reactive and are easily oxidized by ROS such as H 2 O 2 [64] . Mass spectrometry analysis has revealed that redox-sensitive thiolates are present in a limited subset of enzymes. Examples include protein tyrosine phosphatases (PTP) [65] , the lipid phosphatase (PTEN) [62, 66] , MAP kinase phosphatases (MAPKP) such as DUSP3 [63] , and lowmolecular-weight protein tyrosine phosphatases (LMW-PTP) [67] , in enzymes involved in the sumoylation and neddylation reactions, and well as in oxidant sensors such as Keap1, which control of overall redox balance of the cell. (Figure 1 ).
Symbiotic bacterial-induced ROS generation in intestinal epithelial cells
Symbiotic bacterial-induced ROS generated through catalytic activities of Nox enzymes have been detected in numerous forms of multicellular organisms, extending from social amoebae, to florae, and to humans. Thus it is thought that ROS signaling represents an evolutionary ancient form of host cell and microbe cross-talk [49, 54, 68, 69] . Of late, our research group and others reported that contact of certain symbiotic taxa with host epithelial cells can induce the generation of rapid, non-pathogenic levels of ROS, in a process that requires the catalytic activity of Nox1 in host cells. Furthermore, contact of intestinal epithelial cells with bacteria of the lactobacilli taxon induced increased oxidation of proteins that function as soluble redox sinks, including thioredoxin and glutathione, and result in the induction of the transcription of redox-stimulated modulons such as the Nrf2 pathway activity. These observations point to an active and dynamic response to increased levels of cellular ROS. Furthermore, specific bacterial contact with epithelial cells have regulatory effects on cytoskeletal dynamics and on host immune activity [14, 43, 70] . Of these taxa, diverse commensal bacteria elicit distinctly varying capacities of inducing cellular ROS generation, with lactobacilli particularly powerful inducers of ROS generation, although the majority of bacteria assayed exhibited some degree of ability to induce ROS generation in host epithelial cells. Lactobacilli have been shown to harbor membrane components or secreted factors that trigger cellular responses. For example, it has been demonstrated that soluble factors produced by Lactobacillus rhamnosus GG mediate beneficial effects in in vivo injury models [71] . In addition, lactobacilli that stimulate ROS may also have enhanced ability to penetrate the mucus layer, or have enhanced adhesive properties to come into contact with cellular receptors such as FPRs or TLRs.
While levels of ROS produced by the action of non-phagocyte NADPH oxidases are indeed orders of magnitude less than the output of Nox2 in phagocytes, ROS production is not so vanishingly small that it is beyond the sensitivity of current biochemical assays. For example, ROS produced can be visualized by a variety of redox sensitive dyes in immune fluorescence. In our hands, the most faithful reporters of ROS generation in tissues are the ROSstar TM hydrocyanine probes [72] . These probes are specific for oxygen radicals, superoxide, and hydroxyl radicals and detect intracellular ROS with high sensitivity and specificity. The probes are cell-permeable and initially non-fluorescent. The probes become fluorescent upon oxidation. The probes are used to detect oxidative stress by fluorescence microscopy, flow cytometry, and can be quantified by microplate fluorometry. In addition, images captured by fluorescence microscope may be were quantified using image densitometry software.
Physiological outcomes of symbiotic bacteria-induced redox signaling
Effects on inflammatory signaling: Extensive reports have described the suppressive activity of lactobacilli on host inflammatory signaling pathways, having the net effect of dampening the ensuing innate immunity [71, [73] [74] [75] . For example, intestinal microbes can modulate gut inflammation, and probably additional cellular processes by modulating the ubiquitinproteosome pathway [76] . Contact of lactobacilli with epithelial cells has the effect of inhibiting IκB ubiquitination by interfering with the IκB ubiquitin ligase, SCF βTrCP (Skp1, Cdc53/Cullin, F box receptor), thereby blocking activation of the pro-inflammatory NF-κB pathway [77] [78] [79] . Specifically, for activation of the SCF βTrCP complex, a covalent modification involving neddylation of the cullin-1 (Cul-1) regulatory subunit must occur. Oxidative signaling negatively regulates neddylation by the reversible inactivation of Ubc12, which is a redox sensitive Nedd8 ligase [70] . Contact of epithelial cells with lactobacilli induces rapid loss of the Nedd8 modification, thereby inhibiting SCF ubiquitin ligase function, and the suppression of NF-κB pathway activity [78] . Together, ROS generation in the gut epithelium modulates SCF ligase activity, and the NF-κB pathway by controlling the balance between neddylated and un-neddylated Cul-1. Interestingly, other pathways are known to be regulated by E3-SCF βTrCP , such as β-catenin, Snail, Twist and Hedgehog [80] , pointing to further molecular influences that lactobacilli-induced generation of ROS could regulate various facets of intestinal physiology.
Effects on epithelial cell motility. As stated previously, germ-free mice exhibit impaired gut physiology including proliferation and wound healing rates of the epithelial layer, showing that the enteric luminal contents have potent influences on host cells. Furthermore, germfree mice have impaired rates of epithelial cell migration, which is a process that is regulated by the exquisitely coordinated restructuring of the actin cytoskeleton at the advancing edge of the cell to specialized signaling nidus points called focal adhesions (FA) of the extracellular matrix. The dynamics of the FA assembly is controlled by an enzyme called focal adhesion kinase (FAK), which is a 125 kDa protein that is held in its inactive state under the dephosphorylating influences of the redox-sensitive tyrosine phosphatases LMWPTPase and SHP-2. However, interactions between growth factors and integrins at the basement membrane triggers Nox1 catalyzed ROS production which oxidative inactivates PTPase, resulting in releasing FAK from its dephosphorylated state thereby initiating FA turnover and cell motility [81] . Concerning the influence of the gut microbe population on cell motility, we have shown that contact between intestinal epithelia with symbiotic bacteria such as some lactobacilli strains induces generation of ROS in these cells, particularly at the edges of in vivo colonic biopsy wounds, and at the leading edge of the migrating cells. Mechanistically, the ROS generated in response to cell contact with lactobacilli reversibly oxidizes low pKa cysteines within LMW-PTP and SHP-2, thereby activating FAK activity and FA dynamic assembly and disassembly at the migrating edge of the monolayer. These molecular mechanisms induce augmented epithelial migration rates as demonstrated in improved wound sealing of in vitro and in vivo injury models [66] . Additionally, we showed that fMLF triggers FPR-dependent ROS generation in epithelial cells. Importantly, in either FPR or Nox1 null mice, lactobacilli-induced ROS generation, ERK and FAK phosphorylation, and improved wound healing are abolished. Consequently, these are molecular evidence for events that following ROS production associated with FPR/Nox1 dependent ROS generation following lactobacilli-epithelial contact, which eventuate in faster epithelial motility. It was also demonstrated that ROS generated by Nox are necessary for the function of invadopodia, which are actin-rich membrane protrusions in cells. The study proposed that the invadopodia protein Tks5 is a part of the Nox complex, and showed that depletion of Tks5 levels reduces total ROS amounts in cells [82] . These data demonstrate a further mechanism by which the microbiota positively influences physiological processes within the gut mucosa and may also point to possible mechanisms by which probiotics exert their beneficial influence on epithelial barrier integrity.
Effects on epithelial growth and differentiation: The intestinal gut epithelium is the most dynamically renewing tissue in the adult body. The epithelium is a three dimensional architecture of invaginated crypts and projecting villi. At the base of the crypts reside multipotent stem cell niches that are the source of epithelial renewal and homeostasis. Stem cell undergo asymmetric division where the cell targeted for a differentiated fate migrates to a transient amplifying compartment where further signaling events eventuate in the specification of the cells as they absorptive enterocytes, mucus secreting goblet cells, or neuroendocrine epithelial cells. Germ-free mice have been shown to have slower rates of cell migration up the crypt-villus axis, while studies in germ-free Drosophila corroborate distinctly curbed proliferation rates of epithelial precursor cells, pointing to a role for the luminal microbiota in controlling the intestinal epithelial development and homeostasis [83, 84] . Importantly, ROS act as mediators of cell proliferation and differentiation in wide variety of unrelated systems such as in the growing plant root hair [53] , to Drosophila hematopoiesis [85] . Our research group demonstrated lactobacilli-induced ROS generation leads to the activation of the pro-proliferation and developmental ERK pathway by a mechanism involving the redox inactivation of the ERK phosphatase DUSP6 [14, 43, 66] . Furthermore, Nox1 generation of ROS has been reported to regulate Wnt and Notch1 pathway signaling in the colon [86] . Indeed, the function of Nox1 as pivotal factor in cell fate through Wnt/beta-catenin and Notch1 signaling pathways was shown in Nox1-deficient mice which had elevated numbers of goblet cells as a result of PI3K/AKT/Wnt/beta-catenin and Notch1 signaling repression [86] . By extension, lactobacilli-induced and Nox dependent redox signaling may also function in gut development by similar mechanisms.
Cytoprotection by lactobacilli-activation of Keap1/Nrf2/ARE signaling
Another example of host signaling circuitry that responds to ROS generation in the cytoplasm of cells is the Keap1/Nrf2/ARE signaling module. Nrf2 (NF-E2-Related Factor 2) and its antagonist Keap1 (Kelch-like ECH-Associated Protein 1) are essential factors that mediate cytoprotection in response to xenobiotics [87] . The Keap1/Nrf2/ARE module is evolutionarily conserved across kingdoms with examples in Caenorhabditis elegans [88] , D. melanogaster [89] , zebrafish [90] , and in mice [91] . Nrf2 activity is regulated by the binding action of its agonist and inhibitor, Keap1 [92] . Under non-stimulated situations of low cellular ROS levels, Keap1 attaches to Nrf2 and directing Nrf2 to Cullin-dependent E3 ubiquitin ligase proteosomal degradation. However, electrophilic stress in the cytoplasm, typically in situations of elevated ROS levels, results in the oxidation of low pKa cysteine residues within Keap1, thereby causing a conformational change in Keap1 structure that results in its disassociation from Nrf2. Nrf2 is therefore free to translocate the nuclear membrane where it associates with a conserved DNA sequence known as antioxidant response elements (ARE) which are situated in the promoters of a battery of cytoprotective factor genes [93] . Investigation of the result of bacterial-induced ROS generation on Nrf2 pathway signaling discovered that lactobacilli-induced, and Nox1 catalyzed generation of ROS triggered the transcription of Nrf2-responsive cytoprotective elements, and resulted in organismal cytoprotection against oxidative stress in Drosophila, and against radiological insult in mice [94] . Thus, the Nrf2 signaling pathway is yet another mechanism whereby host cells perceive and respond to bacterial contact, this time to activate cytoprotection within cells (Figure 2 ).
Because we established that lactobacilli induce Nrf2 signaling, this unlocks the prospect of recognizing mechanisms by which probiotic bacteria may elicit beneficial effects on disease states that involve Nrf2 pathway signaling. As stated previously, Nrf2 signaling has been widely investigated in relation to cytoprotection from xenobiotic stresses, whose presence in the cell induces the basal Nrf2 transcriptional regulon of several hundred genes [95] . Importantly, studies into Nrf2 function exposed a plethora of cellular processes other than cytoprotection which are regulated by its signaling. These include diabetes [96] , cancer cell growth and chemoresistance [97] [98] [99] , neurodegenerative diseases [100] , redox homeostasis in the aging heart [101] , as well as oxidative stress and inflammatory pathways [102] . Furthermore, ROS are generated as by products during inflammation in the gut epithelia, primarily due to respiratory burst activity from phagocytes described earlier in this review. At the site of injury, Nrf2-responsive elements defend stem cell populations and promote restitutive cell proliferation and migration [103] . Indeed, each of the listed examples of cellular processes that are influenced Nrf2, are by extension potentially modulated by lactobacilli (probiotic) stimulation of Nrf2 pathway that would augment cytoprotective and reparative responses.
Future Perspectives
Experimental evidence generated by our research group demonstrate that intestinal epithelial cells generation ROS in response to contact with symbiotic bacteria, by mechanisms involving receptors and enzymatic processes similar to those evolved in phagocytic cells to induce microbial death. Evidence from the Drosophila model point to the notion that ROS generation in the gut epithelia may represent an evolutionary conserved response to microbes [55] . In mice, ROS generated in epithelial cells in response to lactobacilli undoubtedly functions in a signaling cell signaling events through reversible redox inactivation of regulatory proteins [52, 65] . Importantly, leading edge proteomic methodology can be employed as a screening system to identify microbial-specific, oxidantsensitive regulatory proteins [104] . Identification of the function of identified reactive cysteine residues within redox-sensitive proteins in vivo will be challenging future work.
The strength and duration of lactobacilli-ROS-mediated signaling may vary with quantitative and qualitative variations in bacterial populations, for example, as would occur as a result of antibiotic administration, probiotic use, dietary changes, or the acquisition of the microbiota following birth. The population density of the gut microbiota differs by several orders of magnitude along the course of the digestive tract, with the peak density and numbers occurring in the cecum. The significance of this is that various regions of the intestine are likely to undergo dissimilar levels of bacterial-induced ROS. Furthermore, the fact that specific bacterial taxa such as lactobacilli exhibit potent ROS-inducing activity ties with the idea that qualitative changes in this taxa can negatively influence host biology. Conceivably, the relative amounts of a particular microbial taxa in the intestinal lumen might result in specific physiological outcomes at the organism level. A comprehension of the association amongst microbes and cellular ROS generation will contribute towards for describing the "eubiotic" and the "dysbiotic" population diversity that lead to positive health or inflammatory disease, and certainly has implications for the characterization of new types of probiotics. In addition, lasting cellular adaptation to the intimate bacterial company, as occurs in the colon, or short term contact, as occurs in the small intestine may also have differential outcomes on redox biology.
Future studies should also consider the influence of tissue oxygen partial pressure (pO 2 ) at the interface of the epithelium and lumen, and its potential modulating influence on ROS/Nox signaling. A non-invasive method of determining tissue pO 2 by electron paramagnetic resonance (EPR) oximetry showed oxygen levels of less than 2% in the intestinal lumen, 8% in the small intestinal wall, and 3 % at the villus tip [105] . These conditions of physiological oxygenation were termed physioxia. However, we detected similar qualitative ROS generation along the crypt villus axis, including the apex, where tissue pO2 is lowest [13] . Very little is known about how pO 2 in the gut influences Nox activity, although reports using in vitro cultured cells claim that mRNAs of nox enzymes are sensitive to oxygen tension [106] . Nevertheless, our research group did described mucosal tissue oxygen depletion in the context of active neutrophilic inflammation, presumably due to oxygen consumption by emigrated phagocytes [11] . It is possible that, in this context, oxygen depletion my limit ROS production.
Another subject of intense investigation in our laboratory at the moment is to determine the duration and persistence of lactobacilli-induced ROS generation. Our current hypothesis holds that this type of generation is acute and highly localized to sub-cellular organelles, and to specific cell types. The influence of ROS in the cytoplasm is undoubtedly short-lived due the presence of redox sinks such as glutathione-s-transferase (GSH) in the cytoplasm, and the activity of redox sensitive transcriptional pathways such as Nrf2, which serve to upregulate antioxidant gene products. In addition, Nox enzyme activity is presumably deactivated by currently unknown mechanisms. In all, we hypothesize that ROS signaling appears to be induced within minutes, with consequent modulation of protein activity and transcriptional responses in several hours, followed by a re-establishment of basal conditions. This pulsatile nature of ROS kinetics are also consistent with feeding cycles. Another variable to consider is the region of the gastrointestinal tract that ROS signaling is strongest. Areas of the gut, such as the upper small intestine, have vastly less microbial population than the colon. We have also demonstrated the importance of the mucus layer for limiting ROS activation, and that the loss of mucus seen in injury is associated with markedly increased ROS production [11] . Thus, future investigations must focus and consider the effects of local micro-and macro-environmental, temporal, bacterial taxa dependent, and disease related influences on microbial mediated ROS generation.
In conclusion, microbial contact-induced epithelial ROS generation is an extremely conserved phenomenon across phyla with several known, and expected physiological consequences. This mechanism is an universal and non-discriminating means by which bacterial communities can effect a variety of signaling and homeostatic processes in the host [79] . It is anticipated that a comprehensive understanding of this association will improve our knowledge pertaining to the function of the gut microbiota, and its dysregulation on gut physiology. Host signaling events controlled by symbiotic bacterial-induced cellular ROS generation. Symbiotic bacteria residing in the gut lumen stimulate intestinal tissue homeostatic events via the reversible activation of cellular redox signaling processes. The gut microbiota generate formylated peptides that are sensed by formyl peptide receptors (FPRs) situated on the apical surface of epithelial cells. Receptor binding initiates a singling cascade that trigger the NADPH oxidase Nox1 to catalyze localized ROS generation, which then oxidizes critical cysteine residues and the regulatory influence of redox sensor proteins including the Nedd8 ligase, Ubc12, DUSP3, and LMW-PTPase. Ensuing signaling processes influence gut physiology by including stem cell proliferation, epithelial cell motility, and dampening of innate immune responses. Activation of the redox-sensitive Nrf2 cytoprotective pathway by lactobacilli-induced generation of cellular ROS. Under homeostatic conditions, Keap1 binds to Nrf2 and inhibits its nuclear translocation. Generation of lactobacilli-induced ROS catalyzed by Nox1 oxidizes cysteine residues within Keap1, resulting in conformation change and release of binding from Nrf2, allowing it to translocate into the nucleus. Nrf2 then binds to an antioxidant response DNA promoter element and induces the transcription of a battery of Nrf2-responsive genes including a plethora of cytoprotective factors. The Nrf2 responsive gene products protect macromolecules from oxidative damage thereby promoting cell survival and preserving tissue physiological integrity.
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